Unmanned aerial vehicles (UAVs) are very popular and increasingly used in different applications. Today, the use of multiple UAVs and UAV swarms are attracting more interest from the research community, leading to the exploration of topics such as UAV cooperation, multi-drone autonomous navigation, etc. In this work, we propose two approaches for UAV pursuit-evasion. The first approach uses deep reinforcement learning to predict the actions to apply to the follower UAV to keep track of the target UAV. The second approach uses a deep object detector and a search area proposal (SAP) to predict the position of the target UAV in the next frame for tracking purposes. The two approaches are promising and lead to a higher tracking accuracy with an intersection over union (IoU) above the selected threshold. We also show that the deep SAP-based approach improves the detection of distant objects that cover small areas in the image. The efficiency of the proposed algorithms is demonstrated in outdoor tracking scenarios using real UAVs.
Introduction
In recent years, UAVs (unmanned aerial vehicles) have seen an increase in popularity and are now widely used in many applications. An area that was once mostly limited to the military is now expanding into commercial and industrial sectors, with hundreds of drone applications emerging every day. Today, UAVs have become central to the functions of various industries and organizations. Many of these applications use individual UAVs. However, the use of multiple UAVs and UAV swarms is attracting more interest from the research community, leading to the exploration of topics such as UAV cooperation, multi-drone autonomous navigation, etc. In this work, we are interested in multiple UAV pursuit-evasion. The strategy can be collaborative or competitive between multiple UAVs. The goal here is to use deep learning and the captured images from one of the UAVs to detect and keep track/follow the second moving UAV.
Recent work has been proposed in the area of collaborative UAVs. Schmuck et al. [1] propose the use of multiple small UAVs to act as agents and collaborate in a monocular simultaneous localization and mapping (SLAM) application. Vemprala et al. [2] propose a vision-based collaborative localization framework for multiple micro aerial vehicles (MAVs). They use the images captured by the cameras of the MAVs to estimate the pose. Individual and relative pose estimations are combined to localize against surrounding environments. The algorithm uses feature detection and tracking to estimate a six-degrees-of-freedom pose. They tested their algorithms using simulations within Microsoft AirSim [3] . Tian et al. [4] proposed the use of UAV fleets to search for lost persons. The UAVs collaboratively explore an area under thick forest canopies where the use of GPS is unreliable.
They propose the use of onboard computations and wireless communication. A laser-range finder equips each UAV and is used to estimate its position, location, and plan its path. A 3D map of the terrain is built, and all the individual maps are fused on a ground station. With the built maps, it is possible to recognize unexplored and already-searched spots. Chung et al. [5] review aerial swarm robotics approaches and techniques that allow each member of the swarm to communicate and allocate tasks among themselves, plan their trajectories, and coordinate their flight to efficiently achieve the overall objectives of the swarm. The paper reviews state-of-the-art theoretical tools, focusing on those developed and applied to aerial swarms. They present results covering trajectory generation, task allocation, adversarial control, distributed sensing, monitoring, and mapping. Other work deals more with pursuit-evasion involving unmanned aerial vehicles. Alexopoulos et al. [6] propose a simulation of a two-player pursuit-evasion game with UAVs in a three-dimensional environment. They present a game theoretic framework to solve the pursuit problem using two identical quad-rotors. Krishnamoorthy et al. [7] use a UAV to search a target moving on a road. Ground sensors are used to trigger the search by a UAV. In [8] , Alexopoulos et al. propose a cooperative pursuit-evasion game with UAVs. They present a game-theoretical solution and show its applicability using multiple real outdoor flight experiments with a hex-rotor UAV. Fargeas et al. [9] analyze the problem of path planning for a team of UAVs performing surveillance and pursuit. The UAVs rely on communicating with ground sensors to detect potential intruders. They propose a heuristic algorithm to coordinate the UAVs during surveillance and pursuit and show its effectiveness through simulations. Fu et al. [10] propose a ground target pursuit algorithm using fixed-wing UAVs. They propose a method that generates waypoints and direct the UAV to the latest waypoint. They simulated three different scenarios to demonstrate the performance and efficiency of the proposed algorithm. In Camci et al. [11] , the authors are interested in the control of quadcopters in pursuit-evasion scenarios. They propose the use of reinforcement learning to tune type-2 Takagi-Sugeno-Kang fuzzy logic controllers (TSK-FLCs). They benchmarked their approach in several scenarios and under different noisy conditions.
In this work, we propose the use of vision-based deep learning object detection and reinforcement learning for detecting and tracking a UAV (target or leader) by another UAV (tracker or follower). The proposed framework uses vision data captured by a UAV and deep learning to detect and follow another UAV. The algorithm is divided into two parts, the detection of the target UAV and the control of UAV navigation (follower UAV). The deep reinforcement learning approach [12] uses a deep convolutional neural network (CNN) to extract the target pose based on the previous pose and the current frame. The network works like a Q-learning algorithm [13] . The output is a probabilistic distribution between a set of possible actions such as translation, resizing (e.g., when a target is moving away), or stopping. For each frame from the captured sequence, the algorithm iterates over its predictions until the network predicts a "stop" when the target is within the desired position. The second approach uses deep learning object detection for the detection and tracking of a UAV in a pursuit-evasion scenario. The deep object detection approach uses images captured by a UAV to detect and follow another UAV [14, 15] . This approach uses historical detection data from a set of image sequences and inputs this data to a search area proposal (SAP) algorithm in order to locate the area with a high probability UAV presence. The following sections present the details of the proposed approaches.
Proposed Framework
The proposed framework uses images captured by a UAV and a deep learning network to detect and follow another UAV in a pursuit-evasion scenario. The position of the detected target UAV (detected bounding box) is sent to a high-level controller that decides on the controls to send to the follower UAV to keep the target close to the center of its image frame. The proposed framework is presented in Figure 1 . 
Reinforcement Learning for Tracking
In this work, we want to develop an architecture capable of tracking moving targets using predictions over time from a sequence of previously captured frames. The proposed algorithm tracks the target and moves a bounding box according to each movement prediction. The architecture is based on an ADNet (action-decision network) [16] . The core network used in this architecture is based on the first layers of VGG-M [17] and is comprised of three convolutional layers (Conv) and two fully connected layers (FCs). The three convolutional layers use pretrained VGG-M. Each layer has a local response normalization and max-pooling. Fully connected layers use dropout for regularization. ReLU is used as activation. The fully connected layer FC5 is concatenated with actions history. Softmax is the last layer (action layer) used to get the probability for each predicted action. The number of layers is kept small to enable faster predictions and the associated controls. Figure 2 shows an overview of the proposed architecture. The proposed algorithm uses reinforcement learning [18, 19] , where we define actions, states, and rewards. Actions are the possible target's movements. We define three types of actions: translation, resizing, and stopping. Each action is encoded as a one-hot vector. States are pairs formed of a target's bounding box and actions history. Rewards are based on the computation of the intersection area between the bounding box and the ground truth. The reward is set to zero during iterations. When the predicted action is "stop" or when we fall in an oscillating pattern such as "left, right, left", the reward is updated and computed by Equation (1) as follows:
where s t is the current state, b t is the current detected bounding box, and G is the ground truth. IoU is the intersection over union, also known as Jaccard Index [20] , a performance metric used in the evaluation of object detection algorithms. A threshold is used to decide if a detection is positive or negative. In our case, we set this threshold to 0.7, meaning that only a detection with an overlap above 70% is considered as a good detection (positive).
Supervised Learning
We need a dataset of UAV images for our supervised learning. We captured multiple video sequences and labeled the position of our target (ground-truth bounding box). To train our network to predict the right actions and to move a bounding box closer to the corresponding ground-truth bounding box, we added Gaussian noise to this data to get a set of pairs (noisy bounding box, action). Figure 3 shows an example from our dataset with the ground-truth bounding box and noisy boxes generated using Gaussian noise. Training the network consists of estimating the best action(s) to predict using the noisy boxes. We optimized an objective function that aims to maximize the IoU between the detected (noisy) bounding box and the corresponding ground-truth bounding box. This optimization problem is given by Equation (2):
where action i is the predicted action, and f b (b i , a) are the set of action(s) applied to the bounding box to position it closer to the ground-truth bounding box G.
Reinforcement Learning
Training for tracking was conducted using reinforcement learning. Reinforcement learning [18, 21] learns using an agent experience and the associated rewards. Given an environment with a state space and an action space, and giving possible actions in the different states, each action a t at a specific state s t gives a reward r t based on a defined reward function [18, 21] . In reinforcement learning, the most important part is the formulation of an optimal policy that maximizes reward. It allows taking the actions history into account. In this work, we use the REINFORCE algorithm [21] , a reinforcement learning method that directly updates the policy weights based on the policy gradient to optimize the obtained rewards. This policy rule is given by Equation (3):
where θ is the weight, α is the learning rate, and π θ (s t , a t ) is the policy that maps actions to probabilities. Our policy is based on the use of a deep convolutional neural network (CNN). The REINFORCE algorithm details are given in [21] .
Deep Object Detection and Tracking
To detect the target UAV, we developed an approach based on the deep YOLO algorithm [22, 23] . The detection is performed with YOLO v2 [23] , a deep convolutional neural network for object detection. To follow the drone, we developed a high-level control algorithm based on the use of the detected bounding box coordinates. The bounding box size and position help estimate the position and orientation of the leader UAV and compute the command to send to the follower UAV. This approach is able to process videos at a rate of 30 frames per second (fps) while keeping a mean average precision (mAP) of object detection above 50%.
We use a UAV equipped with a camera to detect the target to follow. YOLO v2 [23] is used to detect the object of interest. It is a popular 24-layer deep convolutional neural network built for object detection. YOLO v2 starts with images of a size of 224 × 224 pixels for the classifier training and then tunes this classifier with 448 × 448 images. Anchor boxes are used, and the object detector outputs a tensor with our class confidence. In this case, we train it to recognize UAVs and non-UAVs. This deep CNN shows very good results for our detection and recognition tasks. It is capable of a detection an mAP score greater than 50% on a 30 fps video. Its ability to process video streams in real time is very interesting for our objective since we need a very fast detection to be able to estimate the target UAV position, compute the controls, and send them to the follower UAV.
Prediction and Tracking Using a Search Area Proposal (SAP)
In this part of the work, we introduce the use of a search area proposal (SAP) based on particle filters. Particle filters [24, 25] are a set of algorithms used to solve a probabilistic filtering problem. The goal is to estimate the state of a dynamic system with only partial information and a noise applied to the sensor that captures this information. A set of particles is generated with a weight for each of them. The best particles are the ones that are the closest to the next state of the system. This way, we can easily predict the next state of the system given previous states. These algorithms are very popular in object tracking applications when motion can undergo nonlinear trajectories. The term particle filter comes from statistics. The technique is also known as Monte Carlo localization (MCL) in robotics [26] and as a condensation (conditional density propagation) algorithm in computer vision [27] . A theoretical overview of particle filters can be found in [28] .
The objective here is to use a search area proposal with a deep CNN detection to improve the detection performance and limit the candidates to specific areas of the image. The particle filters algorithm predicts the next positions of the target UAV. The output of YOLO (bounding box coordinates) is used as input to a particle filters algorithm, and the next target positions are predicted. With these predictions, we can reduce the search area (the region of interest around the predicted position). Figure 4 shows the proposed approach. With this deep SAP approach, the detection of the target when it is located far from the follower (more than 5 m) was improved. Without SAP, the deep CNN struggles to detect the target when it is located far away because the UAV size in the image is very small. The extraction of the search area using SAP and its scaling to the input size of the deep CNN improves the detection accuracy. In Figure 5 , we can see the predicted area (small image on the left) where particle filters estimated the UAV position. The green bounding box is the result of the detection in this area. The white bounding box is the box corresponding to the green box projected onto the whole frame. 
UAV Control
When the follower UAV detects the target UAV, it needs to control its motion to follow the target. We use the bounding box returned by the deep neural network to estimate the relative position of the target UAV and compute the necessary controls. We build a visual servoing based on the obtained data. The controls sent to the UAV are meant to keep the target close to the the center of the image. With this high-level control, we can follow the UAV when it flies in the following directions: right, left, up, down, and forward. The UAV built-in controller takes care of the remaining adjustments to keep the trajectory and motion smooth. For the reinforcement learning algorithm, these controls are predicted from the set of generated actions. Figure 6 shows the center of the image (video frame), the target position, the vectors used to estimate the controls, and the high-level controls sent to the UAV's onboard controller.
Du and Dv are the values we need to minimize to reduce the position error of Equation (4):
with s (t) being the target position at instant t and s * (t) the desired position at instant t (in our case, the image center). s (t) and s * (t) are defined by Equations (5) and (6):
and s * (t) = (u center v center ) t .
Thus, we need to select the best controls to apply from a set of possible controls S c to minimize the error E (t) (Equation (7)): argmin S c E (t) .
(7) Figure 6 . Target representation in the image frame for UAV control and the generated high-level controls sent to the UAV onboard controller.
While the estimation of the four directions of UAV control is straight forward, estimating forward motion when no 3D data is available can be challenging. To solve this problem, we developed a simple estimation based on the size of the UAV. The YOLO v2 deep convolutional neural network is good enough to estimate the closest bounding box to the target. The obtained coordinates give a good estimate of the UAV size. This size is compared with a reference size, and when a scale is below a defined threshold, a move forward control is generated. This way the follower UAV moves forward to be close to the target UAV until the estimated target UAV size is within a defined tolerance. This approach requires an initialization step before the flight. In our experiments, we used the size of a UAV positioned at 30 cm as a reference.
Datasets
To train our networks, we needed a specific dataset that could be trained for tracking a UAV by another UAV. We collected our own data to achieve this task. Two UAV models, Bebop 2 [29] and Mambo [30] , were used.
Reinforcement Learning Dataset
For training the ADNet and reinforcement learning work, eight video sequences with two UAV types (Bebop 2 and Mambo) were captured. Our dataset was composed of 25,629 frames. For supervised learning, we added Gaussian noise, as described in Section 2.1.1. This substantially increased the number of images in our training dataset. Indoor and outdoor images were captured in this dataset, and the images were labeled using vision-based background removal, thresholding, color processing algorithms, and manual annotations in order to extract the shape of the UAV without background interference.
Deep Object Detection and SAP Training Dataset
To train the YOLO convolutional neural network to detect UAVs, we needed to develop a specific dataset of UAV images, especially with horizontal UAV views (back view, side view, and front view). We used two UAV models (Bebop 2 and Mambo) to capture multiple image sequences in indoor and outdoor conditions. Each frame was annotated with a bounding box that served as a reference for training. Various information are available in an XML format, such as bounding box coordinates, associated file name, etc.
We created a first dataset of 6000 images of different sizes and tested the performance of object detection using YOLO v2. The majority of the first images were from indoors. To refine the detection, we collected additional images, mostly outdoors. A total of 2500 new images were added to the previous dataset. The complete dataset contained 8500 images of two different UAVs taken at different angles and in different conditions (e.g., changes in outdoor illumination conditions: sunny, cloudy, etc.).
Experimental Results
To test the proposed approaches, we developed a prototype in Python using Keras [31] and Tensorflow [32] . Algorithms were developed for deep learning and high-level UAV control. During the experimental tests, the escaping target UAV was piloted by a human pilot, and the tracker UAV was using the developed algorithms to lock onto the target and track it during the pursuit.
Reinforcement Learning
For training, we selected the first layers of VGG-M [17] as the core network for our architecture. A pretrained VGG network was used to initialize the convolutional layers, and fine-tuning was conducted in the remaining layers (Section 2.1).
Supervised learning was carried out in batches. The number of epochs was set to 100; for each epoch, we have 100 batches with a batch size of 128 frames. As described in Section 2.1.1, Gaussian noise was added to generate more samples for training with ground-truth labeled images. A total of 250 new noisy samples per frame were generated. With this processing, we obtained a total of 3,200,000 samples that could be used to train our network. The learning rate was set to 1 × 10 −2 , with a decay of 1 × 10 −4 per epoch. Figure 7 shows the prediction accuracy based on the IoU measure during training. We can see that the accuracy quickly achieves high performances and keeps its value above 80% during training. Following the supervised learning phase, we trained our model using reinforcement learning to predict the actions for UAV tracking. The learning rate was set to 1 × 10 −4 . This training works by episodes. An episode has a varying size, depending on the number of iterations the algorithm needs to find the target. Predicted actions can be translations or deformations (e.g., move forward) and stop when the target is correctly detected. These actions are shown in Figure 8 . The proposed set of actions differs from the original ADNet actions and takes into account the change in aspect ratio due to UAV maneuvers. Figure 9 shows an example where the initial bounding box was positioned at the right side of the UAV. A set of actions was predicted in order to position the bounding box around the UAV; we can see a total of 5 actions. A first action quickly moves the bounding box to the left, followed by a movement down, then left, two moves forward (downscale), and finally, stop (meaning that the bounding box encloses the UAV). The rewards obtained for each episode during reinforcement learning are shown in Figure 10 . We can see that the algorithm quickly learns to predict the right actions necessary for tracking the target UAV and keeps the rewards above 0.8 during the episodes.
During our experimental tests, the algorithm showed a good performance in tracking the object of interest. Figure 11 shows an example of UAV target detection and the predicted actions during an outdoor experimental test. However, some limitations remain. Since the processing is time consuming, it was difficult to chase a UAV at a higher speed. This is because the network predicts an action based on the last position of the target. If the target moves too fast, or if the network makes a wrong prediction, we lose the target and have to reinitialize the detection to start again. This limitation can be improved by optimizing the processing and deployment of the proposed algorithms. 
Deep Object Detection and Tracking

Object Detection Results
We trained YOLO v2 on the collected and labeled data (Section 3.2). After 150 epochs of training on 90% of the images, we achieved an mAP score of 0.96. Training was conducted using a batch size of 14 and a learning rate of 1 × 10 −4 . This score shows the performance of the proposed network for specifically detecting UAVs. Since we only deal with detecting UAVs, the number of classes is reduced, which explains the higher detection performance. The loss curve is given in Figure 12 . We can see that the loss decreases quickly, and we obtain a lower loss value after only 80 epochs. To evaluate the performance of the detection, we computed the intersection over union (IoU) measure. The IoUs were computed on annotated videos not previously used for learning. Figure 13 shows examples of the annotated test videos and the bounding box of the detection. Figure 14 shows the measured values of IoUs during an outdoor video test. We can see that the obtained IoU values vary between 0.7 and 0.91, meaning that the majority of the time, we have an overlap between the detection result and the real position above the threshold of 70%. These IoU values decrease in the middle of the curve. This decrease corresponds to a UAV located far away and covering a smaller area of the image (so it is more difficult to detect).
To evaluate the performance of the algorithm for distant objects, we conducted some tests to evaluate the limits of the detection. We tested the detection confidence between 1 m and 6 m. We found that the confidence score for the detected object decreases with the increase in the distance from an average of 0.83 for 1 m to 0.35 for 6 m. 
Object Detection with a Search Area Proposal (SAP)
Particle filters based search area proposal (SAP) were used to predict the next search area and improve the detection. Figure 15 shows the obtained IoU measures over the video frames. We can see that when the UAV is very close (start and end of the curve), the detection has a much lower performance. This is because the UAV area takes almost all the frame. In this scenario, performing predictions becomes difficult. However, we can see that in the middle (the area circled in red in Figure 15 ), when the UAV is far away, the IoU measure improves, with values between 0.8 and 0.9 compared to around 0.7 without SAP. This shows that the proposed search area proposal (SAP) is very useful when the target is small (far away and located at more than 4 m away in our experiments). However, the performance degrades when the target is at a closer distance (less than 2 m). Between these distances, the result is almost the same with and without SAP. 
Conclusions
This work presents two approaches for UAV pursuit-evasion. The two approaches are based on the use of deep learning and convolutional neural networks (CNNs) as the core of the tracking architecture. The first approach uses deep reinforcement learning and a modified action decision network (ADNet). The algorithm predicts the actions for tracking the target based on previous actions and its last known position. The obtained results show that the proposed approach is effective in tracking moving objects in complex outdoor scenarios. Some limitations remain due to the processing time needed for action estimation, leading to some detection problems for fast UAV motions. The second algorithm uses deep object detection and a search area proposal (SAP) algorithm for prediction. A deep convolutional neural network (CNN) is used to detect the UAV and estimate its position. YOLO v2 was used as the object detector and was trained to detect UAVs. A search area proposal (SAP) based on particle filters was developed in order to predict the next position of the UAV using past detected positions. SAP improved the detection of distant UAVs. The obtained results demonstrate the efficiency of the proposed algorithms and show that both approaches are interesting for a UAV pursuit-evasion scenario. Future developments include improving the processing time of the reinforcement learning algorithm by adding a confidence score to predictions and a scale factor to the generated actions. This scale factor will help reduce the number of actions by improving the predicted distance used to move the follower UAV close to the target. For the SAP algorithm, an end-to-end approach will be studied to integrate predictions within the deep learning architecture and improve the processing time. Combining deep object detection, SAP, and reinforcement learning will also be considered. Finally, it could be interesting to evaluate the performance of other deep object detectors within the proposed framework. 
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